Abstract. Bricks of tunnels and bridges of Usui Pass railway (Japan) exposed to north are subject to frost damage. Average depth of erosion due to detachment of angular blocks is around 1-1.5 cm. In order to assess this weathering and to understand its mechanism, an experimental study was carried out in the field and laboratory. Field monitoring showed the combination of seasonal and diurnal freezing with a maximum of heave when the freezing front reached 5 cm depth. Bricks taken from the site were submitted to unidirectional freezing at capillary and vacuum saturation in the laboratory. Results showed that frost damage of bricks was favoured by high saturation level and repetition of freeze-thaw cycles.
Introduction
The historical site of Usui Pass Railway Facilities (Gunma prefecture, 100 km NW of Tokyo, Japan) is an 11.2 km long railway (7.0-miles) made of tunnels and bridges built in bricks in 1893 and linking Tokyo and Nagano (Smith, 1997) . Many historical buildings and bridges were built in bricks at that time: Tokyo station (1914), Yokohama's red brick warehouses (1908) , Biwa aqueduct in Kyoto (1890), Hokkaido government office building (1911) (Ito and Chiba, 2001 ). Bricks of Usui Pass were made in the Nihon Brick Corporation, one of the oldest brick companies in Japan. When the railway was used, tunnels were equipped with doors at each entrance and exit. As trains were not running during the night, tunnels were closed to protect them from bad weather. In 1963, the building of a bypass railway meant the closure of this section but since then, these structures have been conserved as a heritage. At that time, doors of the tunnels were removed and tunnels were not kept anymore.
In 1994, these structures were registered as an important cultural property by the Japanese government and a program of rehabilitation of the railway as a tourist site started.
Correspondence to: C. Thomachot (celine@atm.geo.tsukuba.ac.jp) But bricks showed important and fast weathering that could be prejudicial to the conservation of the site. In the tunnels, bricks were entirely covered with suits accumulated during the use of the railway. The bricks of the southfacing walls showed cavernous weathering features possibly resulting from salt weathering, while the north-facing walls showed weathering that could be attributed to frost action ( Fig. 1) . Indeed, a preliminary study showed that angular flake detachments 1-6 cm thick occurred during winter. The purpose of this study was to understand this weathering and ultimately to prevent it. Thus, field monitoring started in winter 2003. It was connected to laboratory experiments which intended to reproduce what was noticed in the tunnels, to understand which factor prevailed, how porous network influenced location of cracking and when cracking occurred.
The climate condition at the tunnel (600 m a.s.l.) was estimated from meteorological data at the nearest weather station in Karuizawa (5 km west of the tunnel, 999 m a.s.l.). A combination of the long-term mean air temperatures at the station (Japan Meteorological Agency, 2005) and a lapse rate of 6.25 • C km −1 suggested that the tunnel experiences mean annual temperature of 10.4 • C, mean coldest month (January) temperature of −1.1 • C and mean warmest month (August) temperature of 22.8 • C. Freeze-thaw and frost days occur frequently between December and February. Snow falls also during the three months, leading to a maximum depth of 26 cm in February at the station. Annual precipitation is about 1200 mm, 75% of which falls between May and October. Although winter at the study site is rather dry, seepage through fissures in the bedrock keep the tunnel wall humid.
Frost damage
Frost action is known as an important factor of weathering (Hirschwald, 1912; Thomas, 1938) . At a macroscopic scale, frost action is responsible for all shiverings, flakings and gelidisjunctions (Letavernier, 1984) . Frost weathering is not due to isolated factors (Cady, 1969) . Freezing processes depend on the porous network of the material (pore structures, transfer and mechanical properties), the moisture regime (degree of saturation, water supplied during the freezing), and the freezing conditions (Freezing intensity, rate and duration). Cracking occurs when stresses due to freezing override the medium rupture resistance.
To assess frost action on material, a variety of direct and infirect methods are used. Direct methods are qualitative (e.g. visual description, fragment study, microscopy or holography) or quantitative (e.g. weight loss, dilatometry, volume changes or mercury porosimetry). Indirect methods measure the variation (usually a decrease) of one physical parameter that depends on the structure of the material (e.g. P wave velocity, resonance frequency, elasticity, mechanical strength, capillary absorption). A threshold value, below which damage happens, is thus determined.
Frost resistance scales result from experimental measurement and are seldom reliable. Indeed, they are based on one particular protocol that may be different from natural conditions and often emphasizes one factor. Moreover, these scales are most often based on the study of a type of material (especially calcareous rocks: Letavernier, 1984; Remy, 1993) .
Dilation studies on rocks submitted to frost action initiated by Thomas (1938) and followed by Fahey and Dagesse (1984) , Pissart and Lautridou (1984) , Matsuoka (1988) , Weiss (1992) , Prick (1995) and Thomachot (2002) , have contributed to show the importance of wetting-drying phenomena and to minimize the effect of freezing in weathering mechanisms.
Causes of dilation of materials can be:
1. Temperature variations (thermal dilation): materials contract when temperature decreases and expand when temperature increases (e.g. Hall, 1999);
2. Moisture variations (hydric expansion caused by capillary pressures): expansion will particularly increase if the material is composed of swelling minerals like clays (e.g. Matsukura and Yatsu, 1980) ; 3. Water freezing: expansion of ice which is about 9% and ice segregation can create direct and indirect pressures on the porous network and induce expansion or contraction of the material (e.g. Powers and Helmuth, 1953; Everett, 1961; Powers, 1945) .
During freezing of rocks, all these causes combine to dilate or contract the material.
Dilation will depend on the properties of the material (mineralogical composition, porous network, transfer properties and tensile strength: Hirschwald, 1912) and climatic conditions such as water availability and the rate and intensity of freezing. Regarding the water availability, it has been shown for a long time that high saturation causes larger expansion (Thomas, 1938) . When a porous network is partly saturated, some trapped porosity remains occupied by air. Ice can extrude toward these trapped pores without creating any pressure on the porous medium. Critical saturation, below which dilation due to crystallization of ice is insignificant, depends on materials. For concrete and limestone, critical saturation is around 70% of total porosity (Mamillan, 1967) , for brick it is 90% (Dietzel and Wiesner-Kieffer, 1953) but for rocks in general, it is between 65 and 100% (Matsuoka, 2001) .
If the material is supplied with water during freezing, it can lead to different behaviours. Because of migration of unfrozen water during freeze and thaw, the presence of water supply is important (Matsuoka, 1990) . For some rocks with high transfer properties like tuff and sandstone, expansion is higher when there is water supply. Saturation increases in the course of cycles (Aubry and Lautridou, 1974) . These rocks are more sensitive to water migration than to ice expansion.
On the other hand, for rocks with low transfer properties like schist and andesite, expansion is higher when there is no water supply. In these rocks where water migration is low, ice expansion is the main cause of weathering (Matsuoka, 1990) . Furthermore, high freezing rate causes high expansion (Matsuoka, 1990; Weiss, 1992) . And if a sample is maintained at a constant negative temperature, contraction occurs due to plastic deformation (Matsuoka, 1990) , pressure melting of ice under pressure (Thomas, 1938) , thermal contraction (Weiss, 1992) and/or migration of unfrozen water from the micropores to the trapped macropores (Prick, 1995; Pissart and Lautridou, 1984) .
A dilation method was chosen for this study because it is a direct method that measures at the same time, water, vapour and ice movements.
Material
Samples of bricks were collected from the study site and submitted to frost experiments. They were original bricks stored inside the tunnel along the wall since its construction. They were first subjected to mineralogical, chemical and physical analyses including X-Ray diffraction, X-Ray fluorescence, scanning electronic microscope (SEM), water total porosity, mercury porosimetry and capillary absorption.
Mineralogy and chemistry
Analyses by X-Ray diffraction and X-Ray fluorescence showed that bricks are composed of tridymite (high temperature SiO 2 ), quartz (SiO 2 ), hematite (Fe 2 0 3 ), albite (NaAlSi 3 O 8 ) and anorthite ((Ca, Na)Al 2 Si 2 O 8 ) and had no clay minerals.
Porous network
Water total porosity was measured under vacuum. Average value of total porosity is 35%. SEM showed three main scales of pores: macropores around 0.1 mm, mesopores around 10 µm and micropores around 1 µm (Fig. 2) .
Mercury porosimetry (Fig. 3 ) was also measured on three samples of 1 cm cubes with a Micromeretics AutoPore IV 9500.
Method
This apparatus quantifies the total porosity and the pore access radius distribution of the material. According to the method, the pore access radius ranges from 80 µm (0.009 MPa) to 0.0018 µm (409 MPa). Thus, pores of larger access radius like the macropores of 0.1 mm diameter viewed under SEM are not taken into account.
This method also determines the pore threshold (r a ) which allows the biggest part of the porous network to be filled. On the curve, the pore threshold is at the intersection of the two tangents at the top of the curve (Fig. 3a , Katz and Thompson, 1986) . Spreading of the curve can be defined by the scatter coefficient (Cd) calculated from a ratio of injection pressures (Wardlaw et al., 1988; Remy, 1993) :
where P 8 0, P 5 0 and P 2 0 are the injection pressures corresponding respectively to the filling of 80, 50 and 20% of the porous network. As one injection pressure corresponds to one pore radius, the scatter coefficient corresponds also to a pore radius ratio. If Cd<1, the pore distribution is concentrated around one pore radius and the pore threshold value is significant. If C d >1, the pore distribution is spread. It means that the porous network is partitioned in several domains of different pore sizes (Remy, 1993) .
Results
The average total porosity determined by mercury injection was 36.9±0.9%, which was 2% higher than the water total porosity under vacuum. This was due to the difference between the two techniques (Hammecker, 1995) . Average pore threshold was 0.37±0.4 µm ( Fig. 3a) but the scatter coefficient C d was 2.1, indicating a spread pore distribution. Thus, in this case the pore threshold was not significant. Indeed, viewed on the curve of incremental pore volume over pore radius ( Fig. 3b) , there was no dominant pore radius but a homogeneous zone from 0.1 to 10 µm. This confirmed the SEM observations that bricks had a large distribution of pores.
Transfer properties
Absorption kinetics of bricks was measured.
Method
The bottom of the samples is placed in water in a tub where relative humidity is kept constant at nearly 100% to avoid drying. The weight increase per surface unit (the first curve) and the capillary height (wet fringe which is measured by naked eye, the second curve) are plotted over the square root of time (Fig. 4) , according to the Washburn law. The first curve is characterised by a two-part progression. At the beginning of the experiment, the weight increase curve is linear and corresponds to the progressive filling of the interconnected pores. The slope of this curve is called the A coefficient (g cm −2 h −1/2 ) and is relative to the weight increase of the sample. At the top of this first linear part, the value of weight increase indicates the free porosity. Next to this point, saturation of the porous network is slower with a weaker incline. And this corresponds to the filling of the trapped porosity by diffusion of air through water. There is more or less trapped porosity depending on the pore distribution and on the nature of fluids used. The slope of the second curve, relative to the migration of the wet zone, corresponds to the B coefficient (cm h −1/2 ).
Results
Measurements showed fast absorption kinetics. B coefficient relative to the migration of the wet fringe was 15.6 cm h −1/2 and A coefficient relative to the weight increase per surface unit was 4 g cm −2 h −1/2 (Fig. 4) . Furthermore, free porosity represented 71% of the total porosity of bricks. This showed that even if bricks had a large pore size distribution, the distribution was homogeneous and the porous network was well connected.
Mapping of erosion
Erosion of the bricks was mapped on a part of the northfacing wall of one tunnel (2×2 m 2 ) located 25 m from the entrance and intensively eroded. The height, width and depth of erosion of the wall were measured to assess the relation between the size and the location of debris and also to assess changes during the winter (Fig. 5) . Mapping on 21 November 2003 showed that 30% of the surface of the wall was fractured. Most of the hollows were shallower than 2 cm (Fig. 5b) . Hollows less than 12 cm in width had a height between 1 and 7.5 cm, whereas those with a width exceeding 12 cm had a constant height of 7.5 cm (corresponding to the height of each brick). In this way, dimensions of bricks seemed to control the size of the hollows. Furthermore, there was no relation of the height of intensive erosion with the capillary rise from the ground (Fig. 5a ), but erosion was more intensive in the upper part of the wall than in the lower part. It corresponded to the water seepage at the upper part of the wall.
Field monitoring

Methodology
Field monitoring of temperature and displacement of bricks started in winter 2003 to understand mechanisms of weathering and eventually to prevent the decay of bricks (Fig. 6 ).
To assess changes in climatic conditions in the tunnel, copper and constantan thermocouples were placed in the tunnel to measure air temperature, at the surface of bricks (0 cm) and at depths of 5 and 10 cm. The precision of recorded temperatures was 0.1 • C. Horizontal displacement of bricks was measured with four displacement transducers placed perpendicular to the wall: two on eroded bricks (in a hollow) and two on intact bricks (at the surface) (Fig. 6 ). Both temperature and displacement were recorded at 1-h-intervals in data loggers, but temperature data were missed from 12 February 2004 to 16 March 2004 at 5 and 10 cm depths. New fragments of bricks were collected during the winter with a box placed at the base of the wall.
Results
Air temperature records in the winter of 2003-2004 showed a combination of short seasonal freezing which were completed within two weeks and repetitive diurnal freezing (Fig. 7c) . During the winter, four major heave events oc- ) were related to the repetition of diurnal freezing although inner parts of the bricks were nearly continuously frozen (Fig. 8) . Intact bricks produced higher heave than already eroded bricks (Fig. 7a) . Maximum frost heave (zone 1) occurred when the freezing front reached 5 cm or deeper (Figs. 7b and 8a ). During this period, heave of the two eroded bricks reached 1.1 and 1.8 mm, whereas heave of the two intact bricks was 2.7 and 3.7 mm. Large heave was probably due to the frost penetration that allowed the formation of ice lens at different depths of the bricks. As the wall was supplied with water percolating in the tunnel, maximum frost heave was also probably associated with water supply. Heave corresponding to the other zones was smaller and shorter than heave in zone 1: around 0.5 mm for the eroded bricks and 1 mm for the intact bricks. New fragments of bricks fell mostly in the period from 12 February to 16 March, which included a warm period following zone 3, a freezing period of zone 4 and a subsequent warm period. This implied that thaw penetration following intensive frost heave and/or diurnal frost heaving triggered the detachment of heaved blocks. The sizes of fragments, mostly 7 cm long, 5 cm wide and 1-2 cm thick, were similar to the size of the mapped hollows. Thus, field monitoring showed that large heave corresponded to frost penetration to 5-10 cm during continuous freezing and that most of the detachments occurred during thaw penetration following the intensive frost heave and/or periods of repetition of diurnal freezing.
Laboratory experiments
The experiments aimed to reproduce the cracking that occurred in situ, to understand which factor prevailed, how the porous network influenced the location of cracking and when cracking occurred. The experiments simulated a unidirectional freezing, since in the field condition only one surface of stones is submitted to temperature change.
Methods
In these experiments, bricks (5×5×15 cm 3 ) were isolated in thermal insulator except for the top surface on which a Peltier cooling plate was placed to control the freezing temperature (Fig. 9) . As the wall inside the tunnel was supplied with water coming from the inner upper part and thus maintained at nearly constant saturation, the bottom of samples was also submerged in water during the experiments. Thus, the experiments reproduced the layout of the walls of the tunnel, except that freezing progressed vertically rather than horizontally. The whole apparatus was placed in a cold room. Before freezing, the cold room and the cooling plate were maintained at 5 • C until thermal equilibrium was reached. During the experiment, the temperature of water at the base of the sample was kept constant at +3 • C.
Temperature and heave of the samples were measured during freezing using thermocouples placed at different depths (at 1, 2, 4, 6, 8, 10 and 12 cm from the top) and strain gauges attached at a side surface (2, 4, 6, 8 and 10 cm) (Fig. 9) . The thermocouples were horizontally installed at 2 cm from the side surface. To estimate the heave amount of the segment represented by each strain gauge (2 cm), the original strain values were multiplied by 2 cm, except for the 2 cm deep gauge which represented the uppermost 3 cm segment (Fig. 10) . Then total heave was computed by adding heave amount of each segment. It represented the dilation of the brick from the top to 11 cm. As the freezing front did not reach deeper than 11 cm during experiments, we assumed that computed heave was representative of the whole brick. Two samples were concurrently tested at two different initial saturations: capillary saturation (71% of the porosity was occupied by water) and vacuum saturation (100% of the porosity was filled with water).
Two kinds of freezing regimes were chosen from air temperature data corresponding to the heave periods in the tunnel (Fig. 7a) : continuous freezing (zone 1 corresponding to the maximum heave: Fig. 8a ) and diurnal freeze-thaw cycles (zones 3 and 4: Figs. 8c and d) .
Continuous freezing
The average air temperature when the wall was frozen in zone 1 was about −3 • C. Thus for the continuous freezing simulation, temperature of the cooling plate was maintained at −3 • C for 3 days. Then, to assess the effect of freezing intensity, the cooling plate was maintained at −5 • C for 3 days and at −8 • C for 3 days. Total duration of the experiment was 9 days.
Diurnal freezing
Air temperature fluctuated diurnally around 0 • C during zones 3 and 4 (not more than one week), reaching a minimum temperature (from −2 • C to −5 • C) around 6 a.m. and a maximum temperature (from +0.5 • C to +3.5 • C) around 3 p.m. Average temperatures of a freeze-thaw cycle were from +2 • C to −3 • C. Thus, for the diurnal freezing simulation, bricks were submitted to 24-h freeze-thaw cycles: 4 cycles from +2 • C to −3 • C (average cycle) and then 4 cycles Temperatures were set instantaneously. These climatic conditions simplified the field data where freezing and thawing were progressive.
Two tests were performed for each type of freezing and they guaranteed the reproducibility of data; the second test of each was presented in the following.
6.2 Simulation of continuous freezing 6.2.1 Capillary saturated brick (Fig. 11) Freezing expansion was insignificant near the surface, but slightly increased as the freezing front approached the water level (8 and 10 cm) because of higher saturation of the porous network and possible water supply by cryosuction. Pressures that could be caused by ice growth were probably relieved by the presence of air filled pores (trapped porosity) where ice could extrude and by the good transfer properties of bricks that facilitated this extrusion. The total expansion of the whole brick at the end of the experiment was computed to be 1.5 µm in total (Fig. 12a). 6.2.2 Vacuum saturated brick ( downward and stabilised at 7 cm depth (Fig. 12a) . Expansion of the bricks followed the migration of the freezing front 3.27×10 −4 at 2 cm and 0.39×10 −4 at 4 cm. At 6, 8 and 10 cm depth, below the final freezing front, only contraction occurred.
Next 3 days (top of sample at −5 • C): The freezing front further progressed to 9 cm depth. Significant expansion occurred at 6, 8 and 10 cm depth. No additional expansion happened at 2 cm depth.
Final 3 days (top of sample at −8 • C): The freezing front progressed to 11 cm. Expansion occurred at 8 and 10 cm depth. Figure 14 illustrated the behaviour of the brick with frost penetration. During this continuous freezing simulation, no visible cracking occurred. Expansion which followed the progression of the freezing front was fast and short and reached a maximum within 10 h. This reflected the fast capillary kinetics of the bricks. Indeed, the homogeneity and the good connectivity of the porous network were likely to have facilitated ice growth and extrusion. Below the freezing front, contraction was probably due to migration of water towards the freezing front (cryosuction). As expansion was short-lived while cooling temperature was maintained, single freezing event would be insufficient for producing a new crack. The repetition of freeze-thaw cycles would probably be necessary to create cracks. The total expansion at the end of the experiment was computed to be 17.9 µm (Fig. 12a) .
Summary
The first experiment with continuous freezing showed:
1. For capillary saturated bricks, freezing expansion was insignificant near the surface and increased towards the water level, but much less than at vacuum saturation.
2. For fully saturated bricks, freezing expansion occurred mostly between 0 • C and −1 • C at each depth and contraction just below the freezing front suggested desiccation due to water migration (Fig. 14) . Due to fast capillary kinetics, expansion duration was short. With frost penetration, expansion at different depths cumulated to increase progressively total frost heave of the brick. Deeper freezing favoured large total heave and could explain the largest heave in zone 1 observed in the tunnel, but it did not lead to cracking.
Maximum heave had to be located and repeated at a same depth to lead to cracking. Large heave did not mean cracking but distribution of ice lenses at different depths. And the good transfer properties of bricks prevented the growth of a thick ice lens at one depth. This suggested that frost damage of the brick was favoured by:
1. High saturation level before freezing and water supply during freezing (Larbi, 2004) ;
2. Repetition of freeze-thaw cycles, which was the topic of the next experiments.
6.3 Simulation of diurnal freeze-thaw cycles 6.3.1 Capillary saturated brick (Fig. 15) No significant heave occurred in the capillary saturated bricks (Fig. 15b) . Only a slight expansion occurred near the water tank at 8 and 10 cm, probably due to the increase of saturation of the brick by capillary absorption. Total residual expansion at the end of the experiment was 9.2 µm (Fig. 12b ).
6.3.2 Vacuum saturated brick (Fig. 16) Cycles from +2 • C to −3 • C: At the end of freezing, temperature at 4 cm depth reached 0 • C. At the end of thaw, the entire sample was warmed to 2-3 • C. Thus the uppermost 4 cm was submitted to freeze-thaw cycles (Fig. 16a) . During freezing of the first cycle, before the freezing front reached 2 cm depth, contraction (−1.3×10 −4 ) occurred at 2 cm probably due to cryosuction of water towards the freezing front (Figs. 16b and 17a ). Expansion (2.5×10 −4 ) occurred at 2 cm depth after the freezing front reached. The amount of expansion was nearly constant during the 4 cycles. At 4, 6, and 8 cm depth, the sample contracted slightly during freezing and dilated during thaw. The contraction was larger near the freezing front: −0.5×10 −4 at 4 cm, −0.3×10 −4 at 6 cm and −0.1×10 −4 at 8 cm. In course of the next cycles, expansion and contraction at each depth were nearly the same. At the end of these 4 cycles, there was only a small residual expansion at 4 cm (0.6×10 −4 ). Cycles from +3 • C to −5 • C: During these cycles, the freezing front reached 6 cm depth at the end of the freezing. At the end of thaw, the entire sample was at about 3 • C (Fig. 17b) . During freezing, expansion occurred at 2 and 4 cm (respectively 7.0×10 −4 and 3.4×10 −4 ) whereas contraction occurred at 6 and 8 cm (respectively −0.6×10 −4 and −0.2×10 −2 ). As cycles went, expansion at 2 and 4 cm increased to respectively 9.1×10 −4 and 4.5×10 −4 , whereas contraction at 6 and 8 cm was similar to during the first cycle. At the end of these cycles, there were residual expansions at 2 and 4 cm which cumulated with cycles (respectively 1.3×10 −4 and 1.2×10 −4 , Fig. 12b ).
Cycles from +5 • C to −8 • C: During these cycles, the freezing front reached 8 cm depth at the end of the freezing. At the end of thaw, the entire sample was at 5 • C. During freezing, expansion occurred at each depth from 2 to 8 cm when the freezing front progressed, which followed contraction due to cryosuction just below the freezing front. During the first cycle expansion at 2 cm was 10.6×10 −4 , then it decreased during the next cycles to reach only 5.0×10 −4 at the 4th cycle. At 4 cm, expansion was 5.9×10 −4 at the first cycle and increased as cycles went to reach 7.2×10 −4 . At the last cycle, expansion at 4 cm was larger than expansion at 2 cm. At 6 cm expansion also increased as cycles went, from 3.3×10 −4 to 5.2×10 −4 . At the last cycle, expansion at 6 cm was as large as at 2 cm. At 8 cm expansion fluctuated irregularly between 0.8×10 −4 and 2.5×10 −4 during the 4 cycles. During these cycles, expansion at 2 and 4 cm decreased at a constant cooling plate temperature that induced slightly lowering subfreezing temperature at each depth. Possible causes of the contraction near the surface could be the desiccation due to (1) sublimation of ice from the surface, (2) the relaxation of strength by ice melting due to pressures, plastic deformation and thermal contraction of ice and/or (3) the extrusion of ice into the dried pores (Fig. 17c) . At the end of the experiment, residual expansion occurred at each depth with a total amount of 11.5 µm (Fig. 12b) . As the freezing front did not reach deeper than 8 cm, we can assume that computed heave was representative of the whole brick.
Tests at vacuum saturation showed that during cycles from +2 • C to −3 • C, the freezing front penetrated from the surface to 3-4 cm depth. Expansion occurred only at 2 cm depth and the amount was nearly constant during further cycles.
During cycles from +3 • C to −5 • C, freezing front penetrated to 5-6 cm depth. Expansion occurred at 2 and 4 cm depth and increased as cycles went. Expansion was still largest at 2 cm depth. These two types of cycles were representative of the field conditions recorded in the tunnel during winter. The location of maximum heave at 2 cm could explain the size of brick hollows. As the residual expansion increased when submitted to +3 • C to −5 • C cycles, bricks would be more sensitive to diurnal freezing to −5 • C than to
Cycles from +5 • C to −8 • C were stronger than freeze-thaw cycles recorded in the tunnel. They led to a maximum heave at 4 cm and 6 cm which increased as cycles went, whereas expansion at 2 cm decreased due to drying of the top of the brick. If such a strong freezing were to happen, it would lead to bigger detachments than those found in the tunnel. For the capillary saturated bricks submitted to diurnal freezing, freezing expansion was insignificant.
At the end of the experiments, although drying of the bricks was minimized, vacuum saturated bricks slightly dried and 93% of the porosity remained occupied by water. This indicated desaturation of near-surface macropores. On the contrary, bricks tested at capillary saturation slightly increased their moisture content during the experiments. Cryosuction and water supply from the tank contributed to the increase of moisture content from 71% to 74%.
Discussion
Bricks of Usui tunnel facing north and regularly supplied with water seem frost sensitive. Angular detachments of less than 2 cm thick occurred during winter. Field monitoring during the 2003-2004 winter showed expansion of bricks during the freezing periods. Recorded frost was a combination of continuous slow freezing of less than 15 days and diurnal freezing with various ranges (the maximum range for one cycle was from −5 • C to +3 • C). The laboratory experiments reproduced unidirectional freezing with water supply that operated on the bricks of the tunnel, although freezing was simplified.
Moisture condition
Two moisture conditions were tested, with capillary and vacuum saturations. Results showed that any freezing was insignificant on bricks subjected to simple capillary absorption during a few days even 71% of pores were filled with water. Only fully saturated bricks showed significant dilation. This meant that in natural conditions, frost was efficient only on bricks regularly supplied with water for a long time as they had time to saturate by diffusion of air through water. Furthermore, the laboratory simulation showed that moisture content could increase due to ice segregation (cryosuction). Indeed, mapping of erosion showed the relationship between the location of intensive erosion and water seepage from the wall.
Type of freezing
When bricks were well saturated, the magnitude of expansion depended on the location of freezing front in the sample. During continuous freezing expansion followed the frost penetration (up to 11 cm depth), whereas during repetition of diurnal freeze-thaw cycles expansion occurred and increased in all the frozen part but mainly near the surface. Continuous freezing allowed deeper migration of the freezing front but lower heave than diurnal freeze-thaw cycles (Fig. 12 ).
Intensity of freezing
Whatever the type of freezing, however, the maximum expansion always occurred at the shallowest (2 cm) depth. Only under diurnal freeze-thaw cycles from +3 • C to −5 • C, which were similar to the maximum recorded range in the tunnel (Fig. 8c) , residual expansion at 2 cm depth increased as cycles went. Otherwise, expansion remained constant. The strongest diurnal freezing (+5 • C to −8 • C, stronger than freezing recorded in the tunnel) led to the drying of the upper part of the brick and/or the relaxation of pressures of ice near the surface of the brick and shifted the location of the maximum heave at 4 cm depth. This showed that climatic conditions recorded in the tunnel during the 2003-2004 winter allowed frequent heave events within the shallowest (2 cm) depth which corresponded to the average depth of the hollows on the eroded bricks. This confirmed that climatic conditions of the year were typical. Although samples were not fractured during the experiments, near-surface heaving could lead to cracking of the brick with repetition of freeze-thaw cycles. More numerous freeze-thaw cycles should be performed in the laboratory in order to assess this hypothesis.
Conclusion
Mapping of brick erosion at a north-facing wall in a Usui railway tunnel showed the link between erosion and water supply, whereas field monitoring showed the temperature conditions at which frost heave happened. Bricks submitted to continuous and diurnal freezing in the laboratory. Results showed that the maximum expansion occurred at 2 cm depth or possibly shallower, which corresponded to the average depth of brick hollows and thickness of detached fragments in the tunnel. Because of rapid moisture kinetics, expansion and its duration were short-lived in the brick. Thus, repetition of short-term freeze-thaw cycles was effective in cracking at shallow depth.
In summary, field monitoring and laboratory simulations combined to show that the continuous water supply and the repetition of diurnal freeze-thaw cycles were most important in weathering of the bricks.
From winter 2005, the entrance of the tunnel has been closed by a plastic sheet. During the working of the railway, the tunnels were closed during the nights; and at that time bricks did not show so strong frost weathering. Placing this sheet will reproduce the layout of the railway during its working. It will prevent the inner part of the tunnel from high range of temperature like diurnal freeze-thaw cycles. Monitoring will assess the consequence of closing the tunnel on dilation and weathering of bricks.
